Physiological changes associated with evolutionary and ecological processes such as diversification, range expansion or speciation are still incompletely understood, especially for non-model species. Here we study differences in protein expression in response to temperature in a western Mediterranean diving beetle species complex, using two-dimensional differential gel electrophoresis with one Moroccan and one Iberian population each of Agabus ramblae and Agabus brunneus. We identified proteins with significant expression differences after thermal treatments comparing them with a reference EST library generated from one of the species of the complex (A. ramblae). The colonisation during the Middle Pleistocene of the Iberian peninsula by A. ramblae, where maximum temperatures and seasonality are lower than in the ancestral north African range, was associated with changes in the response to 27°C in proteins related to energy metabolism. The subsequent speciation of A. brunneus from within populations of Iberian A. ramblae was associated with changes in the expression of several stress-related proteins (mostly chaperons) when exposed to 4°C. These changes are in agreement with the known tolerance to lower temperatures of A. brunneus, which occupies a larger geographical area with a wider range of climatic conditions. In both cases, protein expression changes paralleled the evolution of thermal tolerance and the climatic conditions experienced by the species. However, although the colonisation of the Iberian peninsula did not result in morphological change, the speciation process of A. brunneus within Iberia involved genetic isolation and substantial differences in male genitalia and body size and shape.
INTRODUCTION
The development of high-throughput genomic and proteomic tools has allowed an exponential increase in our knowledge of speciation mechanisms (for example, Alcaide et al., 2014; Soria-Carrasco et al., 2014; see van Dijk et al., 2014 for an overview), but the relationships between phenotype and the underlying gene-and protein expression changes, and how these changes developed during the speciation processes resulting in the extant taxa, remain poorly understood. Standard phylogenetic methods can trace phenotypic changes associated with speciation events during the evolutionary history of a lineage (for example, Adams and Collyer, 2009; Rabosky et al., 2014) , but the study of the underlying genetic changes have so far been addressed only in a handful of model systems (for example, Brawand et al., 2014; Carbone et al., 2014; Mallarino et al., 2012) .
Changes in gene expression are known to have a role in speciation, although genetic differences have been rarely identified (Tautz, 2000; Wolf et al., 2010; Butlin et al., 2012) . The role of temperature tolerance in establishing biogeographical ranges has also been recognised for long, but the physiological and molecular mechanisms responsible for establishing these patterns are not well known (Pörtner, 2001 ) and their study is just emerging (Pörtner and Knust, 2007) .
The quantification of gene expression is methodologically complex; there are different quantitative methods available to study RNA or the whole proteome, but they may not give consistent results, and some do not measure total amount of protein present in the cells (Wolf et al., 2010; Diz et al., 2012) . A relatively simple alternative is the direct quantification of the amount of protein with two-dimensional differential gel electrophoresis (2D-DIGE; Thiellement et al., 1999; Krogh et al., 2007) . The study of changes in protein abundances has become a powerful tool for generating hypotheses on how the environment affects the biology of organisms (Diz et al., 2012) . Proteomics has the potential to discover unknown cellular effects to environmental stressors, such as changes in temperature (Cravatt et al., 2007) .
The use of these methods should be extended to non-model species if they are to become standard tools in evolutionary biology (Wolf et al., 2010; Butlin et al., 2012) . The use of non-model species suffers from two major drawbacks: first, the lack of genomic data (which is, however, of increasingly less concern, van Dijk et al., 2014) , and second, and more important, the difficulty of studying wild populations. These methodologies are necessary for species that cannot be bred in the laboratory, but also to address questions that can only be answered by looking at the response to natural conditions, or that require comparisons of a wide representation of intraspecific variation.
The unknown and uncontrolled variation in natural populations is often thought to render the study of global protein expression unfeasible (Wolf et al., 2010) . However, we could recently show that in a western Mediterranean diving beetle, variation of protein expression, as determined by 2D-DIGE, was lower between replicated samples of different populations than variation between different temperature treatments (Hidalgo-Galiana et al., 2014a) . Our results showed that specimens collected in the wild were suitable for proteomic analyses, as the additional sources of variation were far below the expected range and did not mask the consistency and reproducibility of the response to the temperature treatments (Hidalgo-Galiana et al., 2014a) .
In this work, we use the same diving beetle species as in HidalgoGaliana et al. (2014a) (Agabus ramblae), together with its sibling species Agabus brunneus, to study changes in protein expression through the speciation process in relation to other changes in morphology, geographic distribution, ecology and thermal tolerance data. The A. brunneus complex is a phylogenetically isolated group of three closely related species of diving beetle with a western Mediterranean distribution (Figure 1 ; Millán and Ribera, 2001) . In a recent study, the species complex was reconstructed to have first diversified during the Middle Pleistocene in Morocco, where the oldest haplotypes of A. ramblae were found (Hidalgo-Galiana et al., 2014b) . Between 0.6 and 0.25 Ma they colonised the Iberian peninsula and subsequently the Balearic islands, Corsica and Sardinia, in the latter two giving rise to the species A. rufulus. Within the Iberian peninsula, A. brunneus likely arose from populations of A. ramblae, although the geographical setting of this speciation process could not be established with certainty (Hidalgo-Galiana et al., 2014b) . The colonisation of Iberia by A. ramblae did not result in substantial morphological change, as shown by the comparison of the size of adults and the size and shape of the male genitalia between Iberian and Moroccan populations. These are characters normally used to characterise closely related species in the genus Agabus and other diving beetles (Millán and Ribera, 2001; Hidalgo-Galiana et al., 2014b) . Similarly, no differences were found between the upper and lower experimentally measured short-term thermal tolerances of one Moroccan and one Iberian population (Hidalgo-Galiana et al., 2014b) .
The species A. brunneus was reconstructed to have most likely originated from Iberian populations of A. ramblae ca 0.35 Ma, and subsequently (mostly during the Last Glacial Maximum, 0.03-0.01 Ma) dispersed to occupy its current range, through North Africa and Western Europe including some Mediterranean islands and the extreme south of Great Britain. The speciation of A. brunneus was associated with a significant increase in body size and change in the shape of the male genitalia, as well as an increased cold tolerance. The current climatic niche differs significantly between the two species: A. brunneus occupies less arid and seasonal areas, with a lower minimum temperature in the coldest month, than A. ramblae (Hidalgo-Galiana et al., 2014b) .
Here we use Moroccan and Iberian populations of both A. ramblae and A. brunneus to compare their physiological response with extreme temperatures within their natural range, as measured with 2D-DIGE electrophoresis. We specifically aim to investigate (1) whether there were changes in protein expression associated with the colonisation and speciation processes within the complex; and (2) how these changes related to the evolution of phenotypic traits known to differ between species (morphology, climatic niche and thermal tolerance).
Our results will also contribute to the understanding of the origin of differences in size of geographical ranges of closely related species, and the factors that allow geographic expansion to new areas under different climatic regimes.
MATERIALS AND METHODS

Species and populations
For the experiments, we selected two populations of A. brunneus and A. ramblae, one from Morocco and one from the Iberian peninsula for each of the species (Figure 1 ). Populations were selected to include a wide range of genetic and environmental variability within each species (Hidalgo-Galiana et al., 2014b) . For A. brunneus, we used one population from the Moroccan Middle Atlas (Tizi-n'Rechou, Kerrouchèn, 32º47'34.9'N 5º14'33.4'W, 1810 Kerrouchèn, 32º47'34.9'N 5º14'33.4'W, m a.s.l., 8.4.2007 P. Aguilera, C. Hernando and I. Ribera leg.); and another from NE Spain (Girona, river Ser ca. Santa Pau, 42º08'48'N 2º34'48'E, 445 m a.s.l. 13.10.2010 A. Hidalgo-Galiana, A. Rudoy, R. Alonso and I. Ribera leg.). For A. ramblae, we used one population from the south side of the Haut Atlas in Morocco (Tinghir, Toudgha river, 31º33'25.1'N 5º34'49.5'W, 1370 m a.s.l., 26.5.2011 A. Hidalgo-Galiana and N. Bennas leg.) ; and another from SE Spain (Murcia, Lorca, 37º42'10.7'N 1º55'33.8'W, 550 m a.s.l., 15.9.2007 P. Abellán, A. Cieslak, A. Millán and I. Ribera leg.) . Of each population, ca 30 specimens were collected in the field and transported to the laboratory in small plastic containers with vegetation and water from the place, in portable cooling boxes. Some specimens of the Iberian population of the two species were snap frozen in the field in liquid nitrogen, serving as a field control.
Thermal treatments
Once in the laboratory, individuals were acclimated for 1 week in aquaria containing mineral water and vegetation taken from the natural habitat. Specimens were kept at room temperature (RT, always below 25°C) with a natural day-night cycle. These conditions represented the control for the experiments. Specimens were fed ad-libitum on frozen red Chironomidae larva from commercial sources. After a week, an equal number of specimens were randomly allocated to each of three treatments for 12 h: 4°C, RT and 27°C. These are extreme temperatures within the range the species are likely to experience in their natural habitat (Hidalgo-Galiana et al., 2014b) . After the treatment, specimens were snap frozen in liquid nitrogen, separated into three samples of 2-3 specimens (considered as a 'biological replica', Hidalgo-Galiana et al., 2014a) for each temperature treatment and stored at − 80°C. The number of specimens per biological replica was limited by the total number of specimens available and the need of having at least three replicas per treatment for the statistical analyses. This protocol was shown to be appropriate to guarantee reproducibility and consistency of data generation in a preliminary study on the A. ramblae populations (Hidalgo-Galiana et al., 2014a). Protein expression changes through speciation A Hidalgo-Galiana et al
2D-DIGE experiments and image analysis
Proteins of whole specimens were extracted with a standard protocol under denaturing conditions as described in Hidalgo-Galiana et al. (2014a) . Total protein yield of each sample was determined using Bio-Rad RCDC Protein Assay (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions.
The 2D-DIGE experiments were performed as described in Hidalgo-Galiana et al. (2014a) . An internal standard for each experiment was generated by pooling equal amounts of protein from each extraction and labelled with Cy2-dye (Amersham cyanine DIGE Fluor minimal dyes, GE Healthcare, Little Chalfont, UK). Five gels per experiment were run, each loaded with two samples derived from different biological replicas and treatments and with different labelling combinations of Cy3-and Cy5-dye (Amersham cyanine DIGE Fluor minimal dyes) and the internal standard. 2D-DIGE image analysis and statistical quantification of relative protein abundance were performed with Progenesis SameSpots v4.0 (Nonlinear Dynamics, Newcastle, UK). This software allows detecting, quantifying and matching of spots between gels after normalisation to the internal standard.
Analyses of expression patterns
All protein spots identified by SameSpots v4.0 (Nonlinear Dynamics) were verified using the scanned gels images. The intensity of the protein spot reflects the amount of protein present in the sample, and it is used as a surrogate of the protein expression level. Statistically significant differences in protein expression between groups (temperature treatments) were tested with one-way analysis of variance.
We tested for significant differences in protein expression in response to the thermal treatments between the populations according to the three key events of the reconstructed evolutionary history of the group (Figure 2 ; HidalgoGaliana et al., 2014b): node (1) Moroccan A. ramblae vs the other three populations (A. ramblae from the Iberian peninsula and A. brunneus from both localities); node (2) Iberian A. ramblae vs A. brunneus; and node (3) Moroccan vs NE Iberian A. brunneus. We also compared the combined data of populations of A. ramblae vs populations of A. brunneus.
For the comparison between populations, we first obtained the normalised spot volumes and then standardised them following the SameSpots recommended protocol (Supplementary Table S1 ). We visualised the global expression patterns of the spots with significantly different expression levels for the different comparisons with principal component analysis (PCA). We selected spots with differences at a significance level of P-value o0.001, which for the number of points used (o600, see below) gave an overall number of expected false positives (type I error) of ca 0.6 per comparison. In addition, we used a hierarchical cluster analyses to relate the proteins with similar expression patterns across samples in the form of a heat map using PermutMatrix V (Caraux and Pinloche, 2005) , with Euclidean distances and UPGMA amalgamation method (Biron et al., 2006) .
Protein selection and identification
We selected the protein spots to be extracted and identified those that showed significant differences at a P-value o0.001 level in any of the comparisons. The final selection was based on the reconstructed SameSpots three-dimensional images of the spots in each gel, to ensure they had consistent and uniform spot formation.
To obtain a sufficient amount of protein for identification of the selected spots, a total of 300 μg of a mix of protein extracts from representative samples were labelled, run on a preparative gel and scanned. The gel images were matched against the spots from the list previously generated in SameSpots v4.0 (see above). The selected spots were excised from the gel using an automated Spot Picker (GE Healthcare) and digested within the gel with trypsin (Promega, Madison, WI, USA) as described in Shevchenko et al. (1996) . Extracted samples were analysed on a Maxis high-resolution Q-TOF spectrometer (Bruker, Bremen, Germany), coupled to a nano-HPLC system (Proxeon, Odense, Denmark). Proteins were initially identified using Mascot (Matrix Science, London, UK), searching the NCBI database, limiting the search to 'Other Metazoa' (for details, see Hidalgo-Galiana et al., 2014a).
EST reference library construction and sequencing
We constructed a transcriptome library using RNA from whole-body extractions of adults of a total of 26 specimens of A. ramblae subjected to the same experimental treatment described above for the proteomic analysis. Specimens were collected from the same Iberian population (Murcia, river Vélez, 18.11.2008, P. Abellan leg.). After the temperature treatments, nine specimens each of the 4°C and 27°C treatments and eight RT controls were measured and weighed, and the total RNA of each individual was extracted separately as described by Sambrook et al. (1989) . The yield of total RNA was measured photometrically and the amount extracted per mg calculated before pooling the RNA with proportionally the same amount from each temperature treatment.
An aliquot of 200 μg total RNA was sent to an external service (LGCgenomics, Berlin, Germany) for mRNA-isolation, cDNA-library construction, amplification, normalisation and high-throughput sequencing using the 454 FLX-technology of Roche (Roche/454 life sciences, Branford, CT, USA). With the assembled sequence contigs, we built a custom database in Geneious v.6 (Drummond et al., 2010) and used the amino-acid sequence of the identified protein fragments to identify matching transcript sequences. Biosample metadata are available in the NCBI biosample database under accession number SAMN03938328.
RESULTS
The 2D-DIGE map derived from all four experiments corresponding to two populations each of A. brunneus and A. ramblae contained a total of 2114 protein spots, with molecular masses ranging from 10 to 150 kDa and isoelectric points between pH 3 and 10 ( Figure 3) .
The protein samples of the Moroccan population of A. brunneus contained substantially less spots than their Iberian sister (Supplementary Tables S2), but when analysed following the protocol described in Hidalgo-Galiana et al. (2014a) the intra-and interpopulation variation of the two A. brunneus populations were similar to those found for A. ramblae. The variation between the RT and field control replicas was larger than that between the replicas of the treatments (Supplementary Figure S1) , as was the case in A. ramblae (HidalgoGaliana et al., 2014a). However, contrary to what was observed in A. ramblae, the comparison between the RT and 4°C treatments showed less variation than between RT and 27°C (Supplementary Figure S2) . For the two populations of A. brunneus, the cluster analyses of the protein spots with a significant difference at a P-value o0.01 showed a good discrimination of the treatments, with the RT replicas Figure S3) . For all four populations, we found a common set of 563 protein spots included in the following analyses. The number of spots up-or downregulated at 4°C varied from 11.3% for the Iberian A. brunneus to 47.9% for the Iberian A. ramblae, whereas at 27°C it ranged from 45.7% for Iberian A. ramblae to 60.8% for the Iberian A. brunneus (Table 1,Supplementary Table S5; see Supplementary Table S6 for the fold-change values of all 563 common spots).
Expression changes through the evolution of the group Approximately 35% of the common spots (196 of 563) showed significant differences in at least one of the comparisons with a P-value o0.001 (Supplementary Table S1 ). In the comparison between the Moroccan A. ramblae and the other three populations, corresponding to the first diversification event of the lineage by the colonisation of the Iberian peninsula (node 1 in Figure 2 ), almost 12% of the 563 spots showed significant differences, most of them in response to the 27°C treatment ( Figure 2 ; Table 1,Supplementary Table S5 ). In the subsequent major event in the evolution of the complex, that is, the separation between the Iberian A. ramblae and the two A. brunneus populations (node 2 in Figure 2 ), a similar number of protein spots showed significant differences (10%). However, in this case the main changes were in the response to the 4°C treatment, with almost four times more varying spots than observed in response to the 27°C treatment (Figure 2 ; Table 1,Supplementary Table S5 ).
In the intraspecific comparison of the two populations of A. brunneus (Iberian and Moroccan, node 3 in Figure 2 ), o1% of the spots had significantly different expression levels (Figure 2 ; Table 1, Supplementary Table S5) , with equal number of changes Figure 3 Image of the extraction gel (that is, with pooled aliquots of all experiments) with the location of the spots selected for identification (see Tables 2  and 3 ). Vertical axis, molecular weight; horizontal axis, isoelectric point. Table 1 Number of spots with significant differences between treatments for each of the comparisons at a P-value o0.001 level (see Supplementary Table S5 for results using other P levels for comparison) See Figure 2 for the placement of the compared populations in the phylogenetic tree of the A. brunneus complex.
Protein expression changes through speciation A Hidalgo-Galiana et al after the 4°or 27°C treatment. On the contrary, between the two populations of the paraphyletic A. ramblae almost 7% of the spots were significantly different, also equally distributed between the 4 and 27°C treatments. When both populations of each of the two species were combined and compared, the number of spots with significant changes (ca 9%) was twice as high for the 4°C (6%) than for the 27°C (3%) treatment.
Global expression patterns
The PCA using fold-change values of all 563 common spots showed a good discrimination of species in the first axis, and temperature treatment in the second (Figure 4a ; Supplementary Figure S5A (Figure 4a ). In the PCA of the spots with significant differences in the comparison with Moroccan A. ramblae vs all other populations, there was also a good separation between species in the first two axes (Figures 4b and c) , but, as expected, differences were larger between Moroccan and Iberian A. ramblae than between Iberian A. ramblae and A. brunneus. In the comparison between Iberian A. ramblae with A. brunneus, the second axis perfectly separated the two species (with positive values for A. ramblae and negative for A. brunneus in both cases, Figures 4d and e) . On the contrary, the first axis discriminated 
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A Hidalgo-Galiana et al Iberian A. ramblae only for the 4°C treatment, but not for the 27°C, for which the score was similar but slightly lower than that of Iberian A. brunneus, and much larger than that of Moroccan populations of both species (Figure 4e ). In the PCA of the spots significantly different between the pooled populations of the two species, they were perfectly separated by the second axis, but the separation of the different samples along the first axis was less clear (Supplementary Figure S5B and C) .
The cluster analyses gave similar results to the ordination obtained with PCA, with a clear separation between species and, to a lesser extent, between treatments when the spots with overall significant differences were selected (Supplementary Figure S6 , differences at a P-value o0.001 for A. ramblae (MOR) vs rest; Supplementary Figure S7 , differences at a P-value o0.0001 for A. ramblae vs A. brunneus). In the PermutMatrix analysis, expression levels of the selected spots could be associated with the different clusters, showing a primary separation between species and a secondary separation between temperature treatments, with no clear geographical structure (Supplementary Figures S3, see Supplementary Figure S8 for a representation of the volumes).
Identification of proteins
We sequenced and identified the protein spots best matching the selection criteria, most importantly a significantly different expression between treatments (at a P-value o0.001 level), but also sufficient protein material on the preparative gel and a well-defined spot in the images (Table 2; see Supplementary Table S8 for details of the proteins). In some of the spots, the targeted proteins could not be identified because of the abundance of highly expressed structural proteins (mostly Actines or Myosines), and were not further considered (Supplementary Table S8 ). Several proteins were also identified in multiple distant spots, suggesting they were residual fragments or contaminations and were discarded from further analyses (Supplementary Table S8 ). Two identified proteins best matched a ciliate (which are common ectoparasites of Dytiscidae) and were likewise discarded.
Of the final selection of 19 spots with identified proteins, 10 were differentially expressed in Moroccan A. ramblae with respect to all other populations (first node in Figure 2) , two of them with clear signals for two proteins of similar size and isoelectric point (Tables 2 and 3 ). Most of the significant changes (six) were in response to the 27°C treatment, and most of them were in proteins that could be related to energy metabolism (Tables 2 and 3 ). The only stressrelated proteins (mostly chaperons) differently expressed in node 1 (Figure 2) were from two spots that also contained a protein related to energy metabolism (Tables 2 and 3 ), one of them in a spot also differently expressed between A. ramblae and A. brunneus (that is, with a significant expression change in node 2 in Figure 2 ) (Tables 2 and 3) .
On the contrary, in the second node ( Figure 2 ) four out of nine proteins with expression changes between A. ramblae and A. brunneus were related to stress response and five involved in energy metabolism (Table 2) . Of these four stress-related proteins, one (HSP70, spot no. 2589) had a higher level of expression in A. ramblae than A. brunneus only after the 4°C treatment, but the other three showed overall different levels of expression between species for both temperature treatments (Table 3) .
In the third node, between the two populations of A. brunneus (Figure 2 ), the only identified spot (2944) contained a metabolic- Protein expression changes through speciation A Hidalgo-Galiana et al related protein (Acyl-CoA dehydrogenase/oxidase, Table 2 ) that was also differently expressed in the comparison of Moroccan A. ramblae to the other three populations (Table 3) .
DISCUSSION
Protein expression changes associated with the speciation process The diversification of the A. brunneus complex most likely started in the Middle Pleistocene with the colonisation of the Iberian peninsula from North Africa by A. ramblae, but this range expansion did not result in appreciable changes in morphology (Hidalgo-Galiana et al., 2014b) . Contrary to this lack of morphological variation, we found a substantial amount of proteins differently expressed between the Moroccan A. ramblae and the rest of Iberian populations, mostly in response to the 27°C treatment and mostly proteins related to energy metabolism. The number of known localities of A. ramblae in North Africa (three in Morocco and two in Tunisia) is too low to allow a reliable estimation of their climatic niche, but their conditions may fall outside the main range of the Iberian A. ramblae, with stronger seasonality (that is, larger differences between the coldest and warmest months) and higher temperatures in the warmest month (HidalgoGaliana et al., 2014b) . In Hidalgo-Galiana et al. (2014b) , no significant differences in the thermal limits between the Moroccan and Iberian populations of A. ramblae were found, but it must be noted that upper thermal limits were estimated with standard short-term ramping experiments, in which both populations of A. ramblae (and also those of A. brunneus) tolerated temperatures above 40°C (Calosi et al., 2008; Hidalgo-Galiana et al., 2014b) , close to the common limit of most eukaryotes imposed by the denaturation of proteins (Somero, 1995) . The observed differences in the response to the 27°C treatment may be related to differences in the long-term capability to sustain temperatures not high enough to induce stress responses but sufficient to significantly alter metabolic processes (through, for example, a systemic response to temperature, Hill et al., 2008) , affecting longterm fitness.
The speciation process at the origin of A. brunneus was estimated to have taken place within the Iberian peninsula from within populations of A. ramblae (Hidalgo-Galiana et al., 2014b) . This process was associated with significant changes in morphology, both in body size and size and shape of male genitalia, but also with an enhanced cold tolerance and significant changes in the estimated climatic niche (Calosi et al., 2008; Hidalgo-Galiana et al., 2014b) . It is likely that these changes allowed the geographical expansion of A. brunneus during the Last Glacial Maximum to its current range, completely overlapping that of A. ramblae and extending beyond it to occupy much of the western Mediterranean (Figure 1) . The proportion of proteins with significantly different expression levels related to the origin of A. brunneus was similar to that associated with the colonisation of the Iberian Peninsula by A. ramblae. However, in this case they were mostly proteins responding differently to the 4°C treatment, and included several proteins known to be associated with thermal stress.
The different response of the Moroccan and Iberian populations of A. ramblae was clearly seen in the results of the PCA analyses. The overall expression pattern of the Iberian A. ramblae after the 27°C treatment was more similar to that of A. brunneus than to the Moroccan A. ramblae, but the contrary was observed in the expression pattern after the 4°C treatment.
The subsequent geographic expansion of A. brunneus apparently did not result in further physiological changes, with o1% of proteins differently expressed between the two populations tested, suggesting the lack of differentiation within A. brunneus. This uniformity is also in agreement with the general incapability of acclimation in the group and in other species of Dytiscidae (Calosi et al., 2008 , although Values are the average of the three replicas for each population and treatment (RT excluded for clarity, see Supplementary Table S5 for all values). See Table 2 for the identification of the proteins in each of the spots. Only significant differences (analysis of variance, P-value o0.001) are highlighted (italic, lower value; bold, higher value). Function: met, metabolic-related protein; str, stressrelated protein (see Table 2 for details on the proteins, in spots 956 and 1140 two proteins were identified). Nodes: (1) there may be interactions with other environmental factors (for example, salinity, Sánchez-Fernández et al., 2010) . It may also be simply due to insufficient time since colonisation, given that the geographic and demographic expansion of A. brunneus is estimated to have taken place during the Last Glacial Maximum, o30 000 years ago (Hidalgo-Galiana et al., 2014b) . The amount of genetic variation for the studied proteins within the A. brunneus complex is, however, unknown, as the reference RNA library was constructed from a single population (Iberian A. ramblae). Differences in the lower thermal limit between A. ramblae (including Moroccan and Iberian populations) and A. brunneus were also measured with short-term ramping experiments, and all were able to sustain temperatures below − 4°C (Calosi et al., 2008; Hidalgo-Galiana et al., 2014b) , well below the temperature used for the treatments (4°C). However, and contrary to what happened with the upper thermal limit, 4°C is likely to be at the extreme of what the species can tolerate when submerged in water (the physiological experiments were conducted in air, not water), and thus were more likely to induce a stress response.
Protein identification
We identified only a small proportion of proteins with significantly different expression levels, but we can assume that this sample is representative and not affected by any functional bias. The proteins to be identified were selected irrespective of the node in which they were differently expressed, and it was not possible to know in advance the functional type of the protein being selected. The proportion of metabolic or stress-related proteins in the different comparisons should thus not be affected by the low proportion of identified proteins other than by stochastic effects. The agreement of our results with known ecological and physiological differences reinforces our interpretation of the contrasting role that metabolic and stress-related proteins have had in the diversification process of the A. brunneus complex. But it should be noted that 2D-DIGE experiments can only identify targets for further functional studies (Rifai et al., 2006; Hamelin et al., 2011) , and the risk of overinterpreting data should always be considered (Pavlidis et al., 2012; Welch and Jiggins, 2014) .
There are few proteomic studies on non-model insects (but see, for example, Biron et al., 2005 with grasshoppers, Francis et al., 2006 with aphids or Shevchenko et al., 2005 , and it is thus difficult to find common patterns of expression to compare with our results. The response to cellular stress is perhaps one of the most studied of these common patterns, as it is known to involve a common set of proteins in diverse taxa (Kültz, 2005) . These include, among others, molecular chaperons that stabilise denaturing proteins, most notably heat shock proteins (HSP, Krebs and Feder, 1997) . HSPs are a group of evolutionary highly conserved stress-inducible or constitutive proteins that maintain homeostasis in eukaryotic and prokaryotic cells (Rassow et al., 1997) . We found several HSPs among the stressrelated proteins with significant expression differences, for example, HSP70 and HSP60, with two fingerprints for each. Although the fingerprint fragments of the two HSP60 were different, both corresponded to the Tribolium HSP60 sequence and were localised very close to each other on the gel (numbers 1392 and 2390 in Figure 3) , suggesting the presence of some small post-transcriptional modification. HSP60 and similar proteins have been shown to interact with HSP70 in bacteria to modulate the heat shock response (Mogk et al., 1997) . However, no temperature-related function has been found for HSP60 in Drosophila melanogaster (Colinet et al., 2010) . In our case, the expression of the two forms of HSP60 did not change significantly with the temperature treatments, but the expression level was always higher in A. brunneus, suggesting a species-specific response.
In the case of the HSP70, the two proteins revealed a different response: one showed a lower level of expression in the Moroccan A. ramblae when compared with the other populations after the 27°C treatment (spot 956 in Table 3 ), and the other showed a higher expression level at 4°C in both populations of A. ramblae when compared with the two populations of A. brunneus (spot 2589 in Table 3 ). In other beetle species (Leptinotarsa), it has been shown that in populations exposed to temperatures lower than what they usually experience the HSP70 expression level was higher than in other populations that experience these low temperatures regularly, even when the populations had only recently diverged (Lyytinen et al., 2012) .
Although the fingerprint fragments of the two identified HSP70s (numbers 956 and 2589 in Figure 3) were also different, they matched the same HSP70 reference sequence of Tribolium, but in this case their respective spots had a different molecular weight (32 and 43 kDa, respectively). Proteins originated from the same transcript can be modified in the cell compartment and change their chemical and/or physical properties (Schlüter et al., 2009; Diz et al., 2012) , which can be easily identified and characterised using 2D-DIGE (unlike other methods that directly analyse RNA or protein fragments). HSP70 prevents aggregation or premature folding, and it is known to interact with other HSPs. It is the most commonly studied stress protein in cold-related studies (for example, Sørensen and Loeschcke, 2007; Clark and Worland, 2008) . In addition to their general stabilising function, HSPs are also known to have key roles in the origin of phenotypic novelties, suggesting that they may mediate adaptation and speciation in addition to the protective homeostatic effects of the cellular stress response (Rutherford and Lindquist, 1998; Williams et al., 2009; Rohner et al., 2013) .
Other stress-related proteins were the translationally controlled tumour protein (TCTP) and an ATP-binding transporter protein (Sukhai and Piquette-Miller, 2000) , more highly expressed in both populations of A. ramblae that in A. brunneus in all treatments. For the former (TCTP), the same spot contained also a protein related to different metabolic functions (14-3-3 protein zeta, Zhang et al., 1998) . This protein had a significantly different level of expression in two comparisons: Moroccan A. ramblae vs the other populations for the 27°C treatment, and A. ramblae vs A. brunneus for both treatments. Without additional data, it is impossible to know which of the two proteins were responding to which treatment, but it is interesting to note that there is the possibility that the metabolic-related protein was responsible for the differences between the Moroccan A. ramblae vs the rest (node 1 in the tree of Figure 2) , and the stress-related protein for the differences between species (node 2), in agreement with the general pattern. The situation for the only other spot in which two proteins were considered (956, Tables 2 and 3) was similar, with one stress-related and one metabolic-related protein and with significant response to nodes 1 and 2.
CONCLUDING REMARKS
We have shown that the protein expression patterns of a complex of closely related species can be associated with parallel changes in their ecology and thermal tolerance, contributing to the understanding of their evolutionary history and their geographical distributions. The colonisation of the Iberian peninsula by North African populations of A. ramblae during the Middle Pleistocene was accompanied by a change in the response to high temperatures in many proteins related to energy metabolism. It is likely that the new environment on the Iberian peninsula had different climatic conditions, with lower maximum temperatures and seasonality, but whether these physiological changes were previous to the colonisation, possibly facilitating it, or posterior, as the result of an adaptation to the local conditions, is unknown. According to our most likely scenario, once on the Iberian peninsula, a speciation process gave rise to A. brunneus, with an increased tolerance to cold temperatures that likely allowed its range expansion during the Last Glacial Maximum to a much wider geographical area.
These phenotypic changes were paralleled by changes in the protein expression of several stress-related proteins when exposed to low temperatures. Again, whether differences evolved previously or after the geographic expansion is unknown, but the genetic and ecologic uniformity of A. brunneus through its known range and its estimated temporal origin (Hidalgo-Galiana et al., 2014b) point toward the first possibility.
The first of these transitions (Moroccan to Iberian A. ramblae) implied the crossing of a geological barrier, the Strait of Gibraltar, and the colonisation of a new territory. This likely resulted in isolated allopatric populations, but was not accompanied by substantial morphological change or differences in the lower thermal limit (Hidalgo-Galiana et al., 2014b) . The markers used in this study did not allow a detailed geographical resolution, so the precise origin of the Moroccan populations and that of A. brunneus within the Iberian peninsula are not known. There was also some uncertainty in the branching pattern of the Corso-Sardinian species (A. rufulus) and the populations of A. ramblae in the Balearic Islands, but the main events in the evolutionary history of the group, as reflected in the three nodes used here for the comparison of the expression patterns, were resolved with confidence (Hidalgo-Galiana et al., 2014b) .
The origin of A. brunneus did involve substantial morphological change in body size and male genitalia, as well as genetic isolation (except for some secondary contact zones: Tunisia, some areas in SE Iberia and some Mediterranean islands, Hidalgo-Galiana et al., 2014b) . It may be hypothesised that the Moroccan and Iberian populations of A. ramblae did not evolve morphological differences, despite the physiological and ecological changes between them, because they likely developed in geographic isolation. On the contrary, ecological and physiological changes between A. brunneus and Iberian A. ramblae may have evolved in close geographical proximity, resulting in the accelerated modification of the male genitalia and the formation of two genetically isolated species through a process of reinforcement (for example, Pannell, 2012; Orsini et al., 2013) .
Testing the model in future experiments will ideally include more populations for both species to perform the proteomic analysis and obtain their transcriptome. This information, together with climatic and ecologic data from the localities, may be very informative about the variability among populations in their responses to thermal stress at the proteome level and how this variability relates to the conditions they experience in the field.
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